Charcoal was the primary fuel used for iron smelting and processing until the end of the 19 th century. It was produced through burning piles of wood called charcoal kilns. The aim of the study was to identify and record traces of charcoal kilns related to past ironworks in the valley of the River Czarna (Małopolska Upland, Central Poland). Detailed analysis was conducted in areas adjacent to historical centres of iron processing in Maleniec, Kołoniec and Machory. A quantitative analysis of the traces of charcoal kilns in the topography was done based on DEM from airborne LiDAR. Soil profiles were analysed at the sites where traces of charcoal kilns were identified from DEM. Radiocarbon dating and palaeobotanical analyses were performed for selected charcoal from kiln remnants. In the study area we identified over 11,500 charcoal kilns. The radiocarbon age of these charcoals indicate that the charcoal kilns under study were used in the 15 th , 18 th and 19 th century. Thus the results suggest that the iron industry in the studied area is c 100 years older than the historical written sources indicate. Palaeobotanical analyses show that coniferous trees were used for charcoal production. The large number of traces of charcoal kilns and their wide spatial distribution indicate that past charcoal production has had a significant impact on the environment and landscape change in the River Czarna valley and adjacent areas.
Introduction
Until the end of the 19 th century charcoal was the primary fuel used for iron smelting and processing (GROENEWOUDT, 2007) as it provided the high temperature necessary for melting iron and its ores (GALE, 2003) . Charcoal production for iron smelting was common in forested areas of Europe (GROENEWOUDT, 2007) . Charcoal was produced by burning wood piled in the form of charcoal kilns (GOSZYK, 2001) . At first charcoal kilns were placed in pits dug in the ground, 2 m deep and 2 m wide. Pits were filled with wood pieces, next covered with soil and turf, and finally the construction was set alight (BIELENIN, 1960; MARSZAŁEK & KUSIAK, 2013) . Between the 16 th and the 19 th century charcoal in Europe was produced with the use of more advanced charcoal kilns (RÖSLER ET AL., 2012). They were larger and composed of selected wood pieces (60-70 cm long). Wood was piled into dome-shaped mounds. Next, the construction was covered with turf and moss, and then this was set alight. Air inflow into the kiln was constantly controlled during the production process and thus instead of wood burning dry distillation occurred. Charcoal production in one kiln took 12-15 days on average (RAJMAN, 2009) .
Historical studies on charcoal kilns traces have so far been carried out both in the context of their morphometry and their spatial distribution. Analyses of the remnants of charcoal kilns were also used in studies on the history of the iron industry and mining (BAL ET AL., 2015; DELHON ET AL., 2017; DUPIN GROENEWOUDT, 2007; LUDEMANN, 2010 LUDEMANN, , 2011 LUDEMANN, , 2012 ; RAAB ET AL., 2015; RÖSLER ET AL., 2012), soil properties (BAL BORCHARD, 2014) , deforestation and identification of past extent of forests (KNAPP LUDEMANN, 2002 LUDEMANN, , 2003 ; LUDEMANN ET AL., 2004; NELLE, 2003; SCHOCH, 2012; TOLKSDORF ET AL., 2015) . In Poland studies on charcoal kilns focused on methods of kiln identification using GIS tools (BAKUŁA ET AL., 2014; ZAPŁATA and dating the age of iron smelters (MALIK , 2015 .
In many areas of Central Europe iron smelters were located in the bottoms of river valleys (MALIK . The iron industry was powered by water wheels and some descriptions of such smelting complexes can be found in historical sources and in the field. The valley of the River Czarna (Małopolska Upland, Central Poland) is one of the areas where iron smelters existed in the past. The aim of our study was to identify and record traces of charcoal kilns related to past ironworks in the River Czarna valley. An attempt has also been made to check the possibility of dating selected charcoal kilns and to determine tree species and character of the wood used for charcoal production.
Study area
The River Czarna (170-346 m a.s.l.) is a sandbed meandering river which flows through the northern part of the Małopolska Upland (Central Poland). It is 87.9 km long and drains the area of 972.6 km² (Fig. 1) . Catchment bedrock is composed of Jurassic and Triassic sandstones and Jurassic limestones covered with tills of the Riss glaciation (KONDRACKI, 2000) . Iron ores occur over vast areas in the upper and middle part of the Czarna catchment, as clayey siderite interbedding in the Jurassic sandstones (SZCZEGÓŁOWA MAPA GEOLOGICZA, 1955 , 1965 . They have been exploited for several centuries (16 th -19 th century) which led to the development of a system of mine shafts in the Czarna catchment. Shallow iron bog ores were also common in the Czarna catchment in the past. They were exploited directly from the ground surface (RADWAN, 1963; GĄSIOROWSKA, 1937) . The River Czarna flows mostly through forests. The most common species is pine (c 90% of all stands). Other species are larch, spruce and fir with minor occurrence of beech, oak, elm, ash, maple, birch, alder, aspen and lime. Approximately 90% of the forest area is humanplanted. Detailed analyses were conducted for the area around a group of historical ironworks in Maleniec, Kołoniec and Machory (at c 53-55 km of the River Czarna) (Fig. 1) .
History of iron industry in the study area
In the valley of the River Czarna c 250 ironworks existed between the 16 th and 19 th century. The development of the iron industry in the area was caused by the occurrence of iron ores and vast forests. Wood was used for the construction of foundry buildings and most importantly, for charcoal production. Charcoal was the primary fuel for all kinds of metallurgical processes conducted in the study area until the end of the 19 th century (CHŁOPEK, 2015a) .
The iron smelters in Machory and Kołoniec were powered by water wheels and were already in existence in the 16 th century (RADWAN, 1963) .
Both smelters were mentioned in historical documents in 1510 -1577 (ZIENTARA, 1954 . Later, blast furnaces were constructed probably at the same sites where old smelters operated. More advanced methods of metallurgical production were introduced. The blast furnace in Machory was built before 1783, and in Kołoniec before 1784 (KUBICKI & SALETRA, 2013) . Pig iron from the above mentioned blast furnaces was processed at the factory in Maleniec. In 1833, the first puddling furnace in the area of the present Polish territory was constructed in Machory (ORŁOWSKI, 1931) . According to archival maps, both in Machory and in Kołoniec, smelting ponds existed (Fig. 2) . The dam of the pond in Machory was broken during the flood in 1923. Its size remains unknown, however, its remnants are partially visible in the topography of the River Czarna valley. The dam in Kołoniec was broken in 1939 (HERBST, 1954) . There are currently breeding ponds in the area where the steelworks in Kołoniec were located. Detailed data are available on the factory in Maleniec. The 1603 m long dam was built in 1782 to accumulate water from the River Czarna needed to turn water wheels. The smelting pond in Maleniec still exists, nowadays coving an area of 20 hectares. Eight finery forges with water-powered hammers operated in Maleniec. The factory significantly expanded in the 1830s and 1840s. At that time Maleniec was the most modern metallurgical plant in the Russian-occupied Kingdom of Poland. The factory was partially destroyed during the fights of September 1939. After the Second World War, in 1945, the demand for products from the Maleniec iron factory increased considerably. Over time due to low profitability, lack of investment and hard working conditions the decision to stop production was made in 1967 (CHŁOPEK, 2015b,c).
Methods of the study

Using LiDAR data and GIS tools to detect remnants of charcoal kilns
We obtained digital elevation mode (DEM) from aerial laser scanning LiDAR data interpolated in a 1 m grid for the area within a distance of c 4 km from the Czarna channel. Data were obtained for both sides of the valley along its full length, from river source to mouth (Fig. 3) . Particular attention was given to areas around former ironworks where charcoal kilns occur particularly often. LiDAR data (0.2 m spatial resolution) were obtained from Central Office for Geodetic and Cartographic Documentation (CODGiK).
DEM images were generated using various 5 visualization tools to find as many traces of charcoal kilns as possible. The following tools were used: hillshading, Multiple Hillshading from several directions, positive and negative Openness (OPPOS and OPNEG -illumination techniques based on the degree of openness of the relief at one point) (MAYORAL ET AL., 2017), local relief model (LRM which represents local small-scale elevation differences after removing the large-scale landscape forms from the data) (HESSE, 2010), Sky-View Factor (SVF-an illumination technique based on the calculation of the visible sky from each position) (MAYORAL ET AL., 2017). Based on obtained DEM images a quantitative and spatial analysis of the presence of charcoal kilns was conducted for the area under study (Fig. 3) . We used hillshading as a primary source of information. Other tools were used in case of problems with identifying charcoal kilns from hillshading images, in particular when we observed a high density of items concentrated in a small area. 
. Identifying traces of charcoal kilns in the field
Occurrence of 20 selected traces of charcoal kilns, earlier identified from DEM images, was verified through field study. Soil profiles of kiln remnants were analysed in test pits to check for evidence of charcoal production. Profiles were prepared in the central elevation of each mounda probable former charcoal kiln. It was assumed that if charcoal and/or charcoal dust were present in the profile, then a charcoal kiln operated in the tested place in the past.
Radiocarbon dating and palaeobotanical analysis of charcoal
We extracted fragments of charcoal for radiocarbon dating from three charcoal kilns found on DEM and in the field (Fig. 4) . Three charcoal samples were dated in the Laboratory of Absolute Dating, Cracow, Poland (laboratory code: MKL). Samples were also the subject of palaeobotanical analysis prior to 14C dating in order to determine the species of burnt wood. Two samples (M1, M2) contained one bigger piece of burnt wood each and the third sample (M3) contained three smaller fragments of carbon.
During the palaeobotanical (anthracological) analysis we have measured each analysed piece of charcoal (along the longest dimension). Next charcoal pieces were split to obtain surfaces that would allow inspection of the anatomical features in the transverse, tangential and radial sections. The charcoal underwent taxonomic identification based on observations of the wood anatomy at a magnification of 100-500x. Charcoals were observed in reflected light under a metallographic microscope (Olympus BX53M) and using micro-imaging software (Stream Essentials 2.1). The morphological characteristics of analysed charcoal fragments were compared with the anatomy of contemporary specimens available in the comparative collection of plant macrofossils (Silesian Museum, Katowice, Poland) and presented by SCHWIENGRUBER (1978).
Results
Numerous convex, circular items c 0.5 m high (measured in the central part of each item) were identified from DEM images developed using diverse GIS techniques. Those mounds are usually surrounded by smaller hollows (c 10 to 20 cm deep). The diameter of the mounds is on average 12-16 m, and the diameter of each hollow is 2-3 m. Depending on the size of a mound, the number of hollows ranges from 4 to 8. The DEM analysis shows that the total number of such mounds, probably charcoal kilns, in the study area exceeded 11,500. Spatial distribution of charcoal kilns in the studied area is uneven. In some areas (e.g. in the lower most section of the Czarna valley or on arable areas) kiln remnants are absent, but in some places (e.g. area nearby ironworks) their number reaches as many as 95 per 1 km². During the field work charcoal and charcoal dust were found in each of the 20 tested mounds. The layer of charcoal in the mound examined was up to 25 cm thick and lies directly on sandy deposits (Fig. 5) . The charcoal layer was always covered with forest litter. The size of single charcoal fragments in the kilns investigated varies from millimetres up to tens of centimetres. In some cases we found were several 10 cm fragments of burnt wood in one pit, however, smaller (few cm) charcoal fragments were the most common.
Results of radiocarbon dating revealed that charcoal sampled from M1, M2 and M3 kilns (Fig. 4) was probably produced in the 15 th , 18 th and 19 th century (Tab. 1). All analysed pieces of charcoal had relatively well preserved structures which facilitated species identification. Two samples analysed (M1 and M2) were identified as burnt wood of Scots pine (Pinus sylvestris) and the third sample (M3) was identified as charcoal from spruce or larch wood (Picea abies or Larix sp.) (Tab. 1). All three fragments of charcoal in the latter sample (M3) belonged to the same species, and they probably originated from one, larger piece.
The identification of burnt pieces of pine wood was carried out based on the following anatomical characteristics: wood composed of tracheids with resin ducts, large, open pits observed in the crossfields on the radial section, ray tracheids with characteristic dentated walls (Fig. 6 I, Fig. 6 II) . The wood from the M3 sample, described as burnt wood of spruce or larch, was identified based on the following characteristic features: wood composed of tracheids, resin ducts, small pits in cross-fields (Fig. 6 III, Fig. 6 IV) . The anatomy does not allow a distinction between spruce and larch wood (see: SCHWIENGRUBER, 1978).
Tab. 1. Results of radiocarbon dating and palaeobotanical analysis obtained for the samples M1, M2 and M3 Location of charcoal kilns sampled/laboratory code (Fig. 4 
Discussion
Remnants of charcoal kilns are almost imperceptible in the field. They can be recognized from LiDAR images if data resolution is high enough. Using a combination of several advanced imaging techniques (Multiple Hillshading from several directions, Local Relief Model (LRM), Sky-View Factor (SVF), Positive and Negative Openness (OPPOS and OPNEG) is the best technique to reveal traces of charcoal kilns: (Fig. 7, 8) . Such a combination is particularly useful in areas where charcoal kilns are located close to one another. Using diverse image analysis technique limits the risk of omitting less distinct landforms (Fig. 8) . Analysis of valley topography with more than one technique allows one to detect more items, as using one technique can often complement the other and reduce its limitations. In our research we mostly used the simplest hillshading method because of the well-preserved shape of the objects under study. However, the results show that all the tools applied, slightly varied in the details of visualization, are effective in detecting remnants of charcoal kilns. The basic method of visualizing LiDAR images as hillshading is justified only for complete, relatively undisturbed objects located at relatively large distances one form other (Fig. 7) . (Kokalj et al., 2013) There are other examples of successful usage of advanced GIS techniques for automatically detection of archaeological objects. BAKUŁA demonstrated the effectiveness of the Local Relief Model, along with the field-based diagnosis of charcoal kiln remnants in the test area, indicates a 77% effectiveness in detecting objects. TRIER indicate that the accuracy of automatic detection of archaeological objects can be as high as 94%. However, the automatic detection of archaeological objects is considered rather as supporting analysis, complementary to other methods, example e.g. sedimentological analyses or charcoal dating (BAKUŁA ET AL., 2014). Apart from the terrain morphology the dark layer of ash and charcoal in the sediment is diagnostic for charcoal kilns. LUDEMANN (2012) has shown that historical sites of charcoal burning (charcoal kiln sites) with their distinct anthropogenic structure of soil and charcoal layers are widespread, in particular in forested mountainous regions. Our study has shown that remnants of charcoal kilns are also common in river valleys flowing through upland areas and in adjacent areas.
The results of radiocarbon dating indicate that charcoal production was conducted in the studied area in the 15 th , 18 th and 19 th century. Probably, a larger number of dates would allow identification of charcoal kilns from the 16 th and 17 th century and a continuous charcoal production in the study area which lasted for at least 500 years. According to RÖSLER ET AL. (2012) charcoal kilns in Europe were used between the 16 th to the 19 th century. In Poland charcoal kilns in the Mała Panew valley were dated at the turn of the 18 th centuries (MALIK . The results of radiocarbon dating confirm the information from historical written sources which describe the presence of iron industry centres in Maleniec, Machory and Kołoniec in the 18 th and 19 th century. It is interesting that the charcoal kiln dated to the 15 th century is located close to the iron smelters under study. It shows that the charcoal in the study area was already produced in the 15 th century, but it is not known for which smelter. This may have been the Machory or Kołoniec smelters which, according to historical sources, already existed in the 16 th century, in 1510. The radiocarbon age of charcoal suggests that at least one of the ironworks under study is at least several decades, or a century, older than 1510. A similar case occurred in Kuczów (River Mała Panew, Silesian Upland, Poland), probably the oldest iron smelter in Silesia and also one of the first on Polish territory. Its location has not yet been determined despite historical descriptions (KALINOWSKI, 2015) . It is also possible that another metallurgical centre operated nearby but was not mentioned in historical sources. Numerous small smelters, not able to compete with larger centres, often declined and ceased to operate, and were not recorded by historians.
The large number of charcoal kilns and the vast area they cover indicate the large scale of charcoal production for the ironworks in the River Czarna valley. Large amounts of charcoal were used for iron smelting: c 9 tons of charcoal were necessary to melt 1 ton of iron (RAJMAN, 2009) . Charcoal production was carried out for many centuries and probably could have resulted in almost complete deforestation of areas around the iron smelters.
Charcoal kilns located in the River Czarna valley, and in the adjacent areas, were relatively large, at least several metres in diameter. Hollows distributed around each charcoal kiln -are probably traces of inlets allowing temperature control and regulating air inflow into a kiln (TYROL, 2006) .
Charcoal kilns were located directly in logging areas. Charcoal was burnt several times at one place, saving the time necessary for digging new inlets for temperature and air control. Places of charcoal production changed with the availability of wood. Once all the trees in an area were utilized charcoal kilns were abandoned and new ones were constructed to avoid the need to transport unburnt wood (TYROL, 2006) .
The analysis of the species composition of extracted charcoal fragments shows that pines, spruce or larch trees were used for charcoal production as indicated by the presence of burnt wood of these mentioned species in kiln remnants. It is also evidence of the presence of mentioned the taxa in tree stands in the study area, directly around charcoal kilns under study and at the same time as the kilns operated. According to CHŁOPEK (2015a) in the middle of the 19 th century the following species of tree were growing in the studied area: pine (70%), fir (8.75%), spruce (6.25%). There is no data on the species composition of forests before the 19 th century. The lack of other species in the analysed material cannot serve as a basis for a statement that conifer wood was the main or only burnt material. Although literature indicates that deciduous species were mainly selected for charcoal production, this probably depended on the area of logging. In the 18 th and 19 th century charcoal was divided into two types: hard and soft. Hard charcoal, valuable and more desirable, was obtained from oak, beech, hornbeam and ash. Soft charcoal was obtained from burning birch wood, alders, aspen, larch and pine (PASCHALIS, 1973) .
Conclusions
1. With the use of various types of DEM images over 11.500 single mounds -traces of charcoal kilns were identified in the studied area. DEM images generated from airborne LiDAR data allow simple and relatively quick identification and inventory of the remnants past charcoal production. 2. Radiocarbon dating indicates that charcoal kilns operated in the studied area in the 15 th , 18 th and 19 th century. Results prove that the iron industry in the River Czarna valley could be 100 years older than the historical written sources indicate. 3. Analysis of the species composition of charcoals collected from kilns has shown the presence of pine and spruce/larch wood. It indicates the use of these mentioned taxa for the production of charcoal and the presence of Scots pine and Norway Spruce or larch in tree stands around the analysed ironworks. 4. The large number of charcoal kilns, and the vast area they cover, indicate that the past charcoal production has had a significant impact on the environment of studied area and changed the landscape of the River Czarna valley and adjacent areas.
